U.S. power industry generated 12 ϫ 10 6 t of gypsum and gypsum precursors (ACAA, 1999). By-product scrubber When restoring abandoned pastures on acidic hill-land soils to gypsum generated for use in manufacturing wallboard productivity, it is important to bring soil Ca and Mg to adequate levels. Gypsum is a readily available Ca amendment that is sufficiently solucontains relatively little CaCO 3 , but mined agricultural ble to move rapidly into the soil when surface-applied. Gypsum has gypsum commonly incorporates 15% total CaCO 3 and been shown to reduce detrimental effects of subsurface acidity in soils SiO 2 and can contain up to 45% nongypsum materials of the southeastern USA. A 4-yr experiment was initiated to measure (Weist et al., 1994; Ritchey et al., 2000) .
gypsum application may result from leaching of Al from the profile and from increases in the exchangeable Ca/Al ratio. P asture land requiring renovation is typically charPositive responses to gypsum application on acid soils acterized by a recent history of low or zero inputs in the Northeast have generally been observed with of fertilizer and agricultural limestone. Because of condeep-rooted legumes. Stout and Priddy (1996) increased tinual leaching losses of Ca and Mg in Appalachia due alfalfa yields 21% by applying 18 000 kg/ha gypsum. to precipitation, restoration of pastures requires estabThey attributed the increased yield to lower moisture lishing adequate Ca and Mg in the rooting zone of newly stress, probably due to deeper roots, especially at the established forage species.
45-cm depth where the soil Ca/Al ratio increased by apIn steep or stony pastures, surface application of limproximately 45% compared with untreated soil. There ing agents is often the only economically viable option are few reports of benefits on nonleguminous Appalafor adding Ca and Mg and increasing soil pH. However, chian pastures. Because abandoned pasture soils are improvements in subsurface soil pH from surface appliparticularly likely to be low in Ca and Mg, and beneficial cation of dolomitic limestone occur slowly, unless very results of surface-applied limestone move downwards high rates are applied (Cregan et al., 1989) .
slowly, we wanted to evaluate whether the greater soluGypsum (CaSO 4 ·2H 2 O) is a source of Ca and S that bility of gypsum would be helpful in early phases of can move quickly into the subsoil, and thus represents pasture renovation. a potentially valuable input for rapidly recharging the The objectives of this field experiment were to (i) desoil profile with Ca. Large amounts of relatively pure termine beneficial and detrimental soil changes arising gypsum are becoming increasingly available in the eastfrom by-product gypsum addition; (ii) evaluate changes ern parts of the USA as by-products from desulfurizain forage botanical composition, plant mineral concention of coal-fired power plant emissions. In 1998, the trations, and yield; (iii) estimate both the yield improvement due to contributions of liming agents present in 
MATERIALS AND METHODS
amounts (kg/ha) surface-applied subsequently were 38 N in 1994; 97 N, 99 P, and 221 K in 1995; 237 N, 28 P, and 54 K A site in southern West Virginia (37 Њ48Ј45″ N, 80 Њ58Ј45″ W) in 1996; and 223 N, 59 P, and 112 K in 1997. Nutrient sources that had been abandoned for three decades and then rotaryused were NH 4 NO 3 ; KCl; triple superphosphate; and 19-19-19, mowed annually for10 yr, but not otherwise used, was selected 0-25-25, and 5-20-20 fertilizers. Sulfur-free fertilizers were as representative of abandoned farmland in the region. Grasses utilized to allow evaluation of possible beneficial nutritive of low nutritive value, primarily red fescue (Festuca rubra L.), effects of S contained in gypsum. poverty grass (Danthonia spicata L.), and broom sedge (An-
The area was rotary-mowed and then seeded in April 1994 dropogon virginicus L.), covered 28% of the area. Broadleaf with 'Canvy' Kentucky bluegrass (Poa pratensis L.) at 3 kg/ha, weeds were present on 66% of the pasture, with goldenrod 'Potomac' orchardgrass at 8.7, and 'KY31' tall fescue at 10.9 (Solidago juncea Ait.) as the most prevalent. The soil on the using a Brillion seeder (Brillion Iron Works, Brillion, WI) to site is a Gilpin silt loam (fine-loamy, mixed, mesic, Typic Hapsimulate frost seeding. Because these species did not establish, ludult). Plots (8 by 3 m) organized in a randomized complete the area was reseeded July 1994 with a no-till pasture renovablock design with four replications were laid out on a welltor using rates of 13.4 kg/ha 'Abel' orchardgrass, 10.5 of KY31 drained hillside with 8 to 15% slope. tall fescue, and 4.3 of Canvy bluegrass. To improve stands, Treatments (described in detail in Table 1 MgO) . We chose gypsum of 2-methoxy-3,6-dichloro-o-anisic acid) herbicide to reduce rates to cover the range most likely to be used by farmers.
broadleaf growth on 24 May and 10 July 1995 at 7.0 L/ha. Properties of amendments as determined by Clark et al. (1995a) are given in Table 2 .
In July 1993, fertilizer (33, 58, and 110 kg/ha N, P, and K, re- Yield was evaluated by clipping a 4.3-m 2 area in the cenfrom Kingston and Jassie (1988) . Solutions were brought to final volumes of 10 mL by adding water and analyzed by ter of the plots to 5-cm height. After harvest, remaining forage was cut and removed. During establishment (Phase I), two inductively coupled plasma emission spectroscopy. Total S and N were measured by high-temperature combustion with harvests per year were made (23 June and 19 Sept. 1994 and 14 June and 21 Aug. 1995) . During the production stage a LECO CHN-600 instrument (Leco Corp., St. Joseph, MI). Yearly mean nutrient concentrations were averaged to obtain (Phase II), three harvests per year of the fully renovated pasture were made (3 June, 17 July, and 25 Sept. 1996 and 10 forage mineral concentrations for Phase I and Phase II. Soil samples to 45-cm depth were collected in 15-cm increJune, 4 Aug., and 3 Oct. 1997).
Botanical composition was determined by characterizing ments in September 1994 , October 1995 , October 1996 , and November 1997 . Soil analyses consisted of measuring neutral the principal species present at 20 or 30 locations within plots, as selected by throwing a meter stick at random onto plots, 1 M ammonium acetate-extractable Ca, Mg, K, and S (Thomas, 1982) ; KCl-extractable Al (Barnhisel and Bertsch, 1982) ; pH in or using a point-quadrat method with 20-cm intervals within a 1-m 2 area. Botanical composition was measured on 22 June 0.01 M CaCl 2 (pH s ); and electrical conductivity (1:1 soil/water). Analysis of variance and regression evaluations were con-1994 , 17 Aug. 1995 , 8 Aug. 1996 , and 7 May 1997 Forage dry matter percentages were determined from ovenducted using General Linear Model statistical procedures (SAS Inst., 1990) . Yearly yields were calculated by summing dried samples (36 h at 67ЊC). Subsamples for mineral analysis from all harvests except one in Phase I and one in Phase II individual harvests. Because year ϫ treatment interactions were not significant for yield within the 2 yr comprising the were ground to pass a 0.5-mm screen, and 50 to 100 mg was weighed into 23-mL Teflon containers and microwave-diestablishment phase (Phase I) and within the 2 yr comprising the production phase (Phase II), results are presented as gested with an acidic solution (1.7 mL 15.8 M HNO 3 ϩ 0.2 mL 11.4 M HCl ϩ 0.1 mL 28.9 M HF) for 4 min at 70% power means for each phase. When the analysis-of-variance F-test was significant at the 0.05 probability level, LSD values were followed by 2 min at full power (635 W delivered) as modified calculated to test differences between means. All differences 
RESULTS AND DISCUSSION Precipitation
This is consistent with data presented by Clark et al. (1997) , showing greater responses to lime addition by Variation in precipitation during the 4 yr of the expertall fescue than by orchardgrass in a similar Typic Hapluiment was within normal limits for the region (Table 3) .
dult from southern West Virginia. Precipitation in 1994 and 1995 (Phase I) was 12 and 2% greater than the 30-yr average, respectively. In 1996 and 1997 (Phase II), precipitation was 31% greater than and
Effects on Soil and Forage
24% less than the 30-yr average, respectively.
Mineral Element Composition

Calcium Botanical Composition
At the initiation of Phase I (orchardgrass and tall fesSoil Ca was strongly affected by amount of Ca added (Fig. 2) . The level of soil Ca originating from added cue establishment), botanical composition reflected the original plant population, which was typical of low-fertilgypsum present in the 0-to 15-cm layer in Phase II dropped to half that present in Phase I, probably due ity, low-management abandoned pastures in the region. With the use of herbicide and continued fertilizer applito movement of Ca deeper into the soil profile (Fig. 2) . Plant removal of Ca was Ͻ40 kg/ha Ca, or 7% of the cation, seedlings of orchardgrass and tall fescue were finally established, but bluegrass was not detected. mean decrease in soil Ca. Mean plant Ca concentrations were proportional to In the production stage (Phase II), tall fescue and orchardgrass dominated the sward (Fig. 1) . The proporsoil Ca saturation [Ca/(Ca ϩ Mg ϩ K ϩ Al)] in both Phase I and Phase II (statistical significance of correlation of tall fescue was positively related to total CaCO 3 equivalency (TCE) of the applied amendments while tions referred to in the text are given in Tables 4 and 5 ), but they never reached excessive levels. We used plant the percentage of orchardgrass was constant (Fig. 1) . nutrient sufficiency levels for orchardgrass given by about 50% gypsum; adding ordinary superphosphate at Jones et al. (1991) , assuming that they would be reasonrates recommended for alfalfa and clover seedling estabable guides for evaluating both Phase I and II forage lishment on P-deficient soils (West Virginia Univ., 1982) nutrient concentrations.
would supply 1495 kg/ha gypsum. Decreases in soil pH s resulting from small additions of gypsum have been preSoil pH and Aluminum viously observed (Clark et al., 1995b) . Slight yield decreases at low gypsum rates have also been noted (Clark In general, the addition of dolomitic limestone, MgO, et al., 1994; Wright et al., 1989) . In a Brazilian Ultisol, Mg(OH) 2 , and by-product gypsum (with a CaCO 3 equivincorporating gypsum at similar rates increased soil soalent of 5%) increased mean Phase I and II pH s in prolution Al by 80% although large proportions of the Al portion to the TCE of the added materials (Fig. 3) . Exwere present as a nontoxic aluminum sulfate complex tractable soil Al was negatively correlated with soil pH s (Pavan et al., 1982) . In our case, the increased Al may and decreased as treatment TCE increased (Table 4) . also have been nontoxic because yields did not decrease A deviation from the general trend of increasing pH s (Table 7) . with increasing TCE was observed for treatment G 1 L The detrimental effects on pH and Al that occurred (Fig. 3) . Adding 1000 kg/ha gypsum to treatment G 0 L sigwhen 1000 kg/ha gypsum was added to treatment G 0 L nificantly lowered Phase I pH s from 4.33 to 4.18 and inwere not evident when 16 000 and 32 000 kg/ha gypsum creased (P ϭ 0.08) Phase I Al from 141 to 177 g/g (Tawere applied (Table 6 ). It is interesting to note that the ble 6). Acidity enhancement from moderate application 1000 kg/ha gypsum used in treatment G 1 L is roughly rates of gypsum may have implications when farmers equivalent to the amount that would be soluble in the apply ordinary superphosphate fertilizer, which contains soil solution in the top 15 cm of soil at field capacity moisture content. One could hypothesize that the decrease in pH s in the 1000 kg/ha gypsum treatment was associated with saturation of the soil solution with gypsum; while, at higher rates of addition, residual liming agents [probably Ca(OH) 2 or CaCO 3 ] present in the byproduct gypsum material increased pH s , precipitated Al, and overcame pH-depressing effects associated with small gypsum applications. This might explain why yield depression induced at low gypsum rates disappeared when higher rates of gypsum were added in experiments conducted by Clark et al. (1994) .
Magnesium
Soil Mg levels were already deficient in our abandoned pasture; Mg concentration in treatment G 0 during 1990) (Fig. 4) . Adding gypsum further decreased soil Mg. (Shainberg et al., 1989) and is associated with displace- G 16 MgO) increased soil Mg levels to about the same in this experiment to determine if forage production would respond to S additions. Apparently, soil supplies level as adding almost twice as much Mg in the form of dolomitic limestone ( Fig. 4; Table 6 ). Application of of S were adequate because the lowest forage concentration of S we observed was 2.1 g/kg, which is above 195 kg/ha Mg as Mg(OH) 2 -enriched gypsum (treatment G 8 MgH) significantly increased Phase I soil Mg concenthe level of 1.9 g/kg considered low for orchardgrass (Table 7) . trations compared with treatment G 8 (Table 6 ), but in Phase II, the benefit had largely disappeared.
Plant Mg concentrations generally reflected changes Potassium and Phosphorus in soil Mg concentrations resulting from gypsum and
The amount of K in the surface 0-to15-cm soil layer Mg amendments (Fig. 5) . Based on net increases in both was negatively affected by levels of added gypsum (Tasoil and plant Mg levels induced per unit of Mg added to ble 4). Negative effects of gypsum on soil K levels have soil (Table 8) , MgO was at least 60% more effective than been observed (Shainberg et al., 1989) but to a lesser dolomitic limestone while Mg(OH) 2 in the Mg-enriched extent than negative effects on Mg (van Raij, 1992) . gypsum by-product, except for Phase II soil, was approx-
The accepted explanation for lowered soil K levels is imately equal in efficiency to dolomitic limestone. displacement of K ϩ ions from soil exchange sites and subsequent leaching of K out of the rooting zone. In Sulfur Phase I, however, regression of increases in plant K uptake against decreases in soil exchangeable K content Levels of soil S were highly correlated with amounts of gypsum added and with soil electrical conductivity and (calculated from Tables 6 and 7) showed that 18% of the decrease in soil K was attributable to K taken up soil Ca (Table 4) . Plant S was proportional to amount of gypsum applied and to soil S levels ( Table 5 ). The into harvested plant tissue.
Concentrations of K and P in Phase I plant tissue 1000 kg/ha gypsum rate (treatment G 1 L) was included increased as the amount of gypsum added increased lishment of responsive forage species and increased fer- (Table 5) , which was beneficial because these elements tilizer applications. Treatment ϫ year interactions were were present at less than the sufficiency level for ornot significant in Phase I or Phase II, so mean yield chardgrass in most treatments in Phase I (Table 7) . data are presented. Highest yields were observed in the Because there was no statistically significant relationtwo highest limed gypsum treatments. ship between plant K or P concentration and treatment
In general, yields increased in proportion to effects TCE, nor with the resulting increase in soil pH s , it apof amendments in overcoming soil acidity, as illustrated pears that the beneficial effect of by-product gypsum by the relationship with decreased soil Al (Fig. 6) . Yields on K and P acquisition was not associated with potential were also correlated with pH s and Al saturation [Al/ to neutralize soil acidity but was associated with the (Ca ϩ Mg ϩ K ϩ Al)]. CaSO 4 component. The effect was not attributable to
We estimated the specific effect of dolomitic lime-K or P in the gypsum by-product either because the stone on yield by comparing yields observed in treatmaterial contained only 32 and 61 g/g of these nutrients ments G 0 MgO, G 8 MgH, and G 16 MgO (no added lime- (Clark et al., 1995a) , which would contribute Ͻ2 kg/ha stone) with yields in treatments G 0 L, G 8 L, and G 16 L K or P. Gypsum may have reduced activity of Al 3ϩ at (with 4650 kg/ha limestone). Each treatment received root surfaces, which could promote more rapid root ample Mg (at least 195 kg/ha). Mean yield benefit per growth, improve mycorrhizae development, or allow 1000 kg/ha increase in TCE was 45 and 135 kg/ha in finer root branching, all of which could in turn increase Phase I and Phase II, respectively. K and P uptake.
Effects of gypsum addition were estimated by evaluating treatments G 0 L, G 1 L, G 8 L, G 16 L, and G 32 L (Fig. 7) .
Meeting Cattle Mineral Nutrition Requirements
Increases in dry matter yield from gypsum application Beef cattle (Bos taurus) need dietary levels of 6 to were described by quadratic relationships (Phase I r 2 ϭ 30 g/kg K, 1 to 4 g/kg Mg, 1.9 to 7.3 g/kg Ca, and 1.2 0.98, P ϭ 0.02, and n ϭ 5 and Phase II r 2 ϭ 0.93, to 3.4 g/kg P, depending on age and condition (Natl. P ϭ 0.07, and n ϭ 5). These relationships indicated Res. Counc., 1996) . Soil treatment with 16 000 kg/ha or more gypsum improved the nutritive value of dry matter harvested during Phase I in terms of Ca, P, and K concentrations (Table 7) . In Phase II, K and P levels in most treatments were sufficient for beef cattle, even without addition of gypsum; however, the increase in Ca concentration from gypsum addition improved feed value. On the other hand, gypsum had a negative effect on Phase I Mg levels, and concentrations in treatments G 8 and G 32 L fell below the minimum recommendation. In Phase II, forage Mg was above the minimum for all treatments. Concentrations of S in forage at the highest rate of gypsum application reached 4.4 g/kg in Phase I.
Treatment Effect on Dry Matter Yield
Overall, Phase II dry matter yield was nearly four times greater than in Phase I (Table 7) , reflecting the estab- maximum yield responses would occur with additions reduce gypsum-induced Mg deficiencies. Tall fescue responded more to decreased soil acidity than did orof between 20 000 and 30 000 kg/ha gypsum.
A small part of the yield improvement from gypsum chardgrass. The by-product gypsum used in this experiment had some acidity-neutralizing components that may have been due to effects of acidity-neutralizing materials present in the by-product (equivalent to 5 g of contributed to yield increases, but the greater part of the yield improvements were correlated with improved CaCO 3 per 100 g of amendment). We estimated the contribution to yield of TCE from by-product gypsum by plant uptake of P and K. using the mean yield increases from dolomitic limestone application, based on the assumption that the neutraliz-ACKNOWLEDGMENTS ing constituent in the gypsum by-product was equally effective as dolomitic limestone. Only 4% (Phase I) and
We thank Dravo Lime Company for supplying the experi-11% (Phase II) of the yield improvement between treatmental Mg-enhanced gypsum product. We gratefully acknowlments G 0 L and G 16 L could be explained by the increase edge the contributions of Ralph B. Clark, V.C. Baligar, and in TCE associated with nongypsum liming materials C.M. Feldhake for team research support, providing input into planning the experiment, and for invaluable suggestions in contained in the 16 000 kg/ha by-product added (Fig. 7) by-product was equal to that in dolomitic limestone. The material in gypsum might have been more effective than dolomitic limestone, perhaps due to smaller parti-REFERENCES cle size or different chemical composition (Barber, 1967) .
